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KEY POINTS: 14 
1. Austral summer is marked with strong interannual pressure variability in the early 15 
20th century across Antarctica. 16 
2. Recent trends over the last ~30 years in austral summer are unique across the 17 
entire content in the context of the entire 20th century. 18 
3. Winter pressure variability is much less variable and more regional in nature in 19 
the early 20th century, compared to austral summer.  20 
 2 
Abstract 21 
 The Antarctic seasonal station-based pressure reconstructions evaluated in our 22 
companion paper are here evaluated to provide additional knowledge on Antarctic 23 
pressure variability during the 20th century.  In the period from 1905-1956, we find that 24 
the Hadley Centre gridded sea level pressure dataset compared the best with our 25 
reconstructions, perhaps due to similar methods to estimate pressure without direct 26 
observations. 27 
 The primary focus on 20th century Antarctic pressure variability was in summer 28 
and winter, as these were the seasons with highest reconstruction skill.  In summer, 29 
considerable interannual variability, and these variations were spatially uniform across all 30 
of Antarctica.  Notable high pressure anomalies were found in the summers of 1911/12 31 
and 1925/26; both summers correspond to negative phases of the Southern Annular Mode 32 
as well as El Niño events in the tropical Pacific.  In addition, negative summer pressure 33 
trends during the last ~40 years across all of Antarctic are unique in the context of 30-34 
year trends throughout the entire 20th century, suggesting a strong component of 35 
anthropogenic forcing on the recent summer trends.  In contrast, mean winter pressure is 36 
less variable from year to year during the early 20th century, and there are less similarities 37 
between these pressure variations along the Antarctic Peninsula compared to the rest of 38 
the continent.  No significant pressure trends were found consistently across all 39 
Antarctica (although some significant regional trends can be identified), and low-40 
frequency, multi-decadal scale variability appears to dominate the historical pressure 41 
variations in this season. 42 
  43 
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1.  Introduction 44 
 Due to the lack of long-term observations, the scientific understanding of early 45 
20th century Antarctic atmospheric circulation variability is more limited than anywhere 46 
else on Earth.  While early expeditions and Antarctic explorers, as well as whaling ships, 47 
provide clues into some meteorological conditions, these details are discontinuous in time 48 
and space and are often qualitative (describing conditions of sea ice, wind, or 49 
temperature) rather than direct measurements of the atmosphere.  South of 60°S, only one 50 
station has a continuous record extending back to 1903- the station Orcadas, located 51 
northeast of the Antarctic Peninsula (60.7°S, 44.7°W).  Zazulie et al. [2010] analyzed the 52 
daily temperature record at Orcadas, and noted that there were no statistically significant 53 
temperature trends prior to 1950 for any season; in contrast, statistically significant 54 
warming was found in all seasons in the latter half of the 20th century.  Similarly, Murphy 55 
et al. [2014] examine winter fast-ice conditions nearby in the north Weddell Sea during 56 
the twentieth century and find strong interannual variability in the formation and breakout 57 
dates related to atmospheric circulation changes manifested in the Southern Annular 58 
Mode (SAM) or the El Niño – Southern Oscillation (ENSO) teleconnection.  While these 59 
studies increase the understanding of 20th century Antarctic climate variability, they are 60 
only at a single location and are likely not representative of conditions across all of 61 
Antarctica. While the European Centre for Medium Range Weather Forecasts (ECMWF) 62 
20th century reanalysis (ERA-20C), the Hadley Centre gridded mean sea level pressure 63 
version 2 [HadSLP2; Allan and Ansell, 2006], and the National Oceanic and Atmospheric 64 
Administration 20th – Cooperative Institute for Research in Environmental Studies 65 
(NOAA-CIRES) century reanalysis, version 2c [20CR, Compo et al., 2011], provide 66 
 4 
gridded pressure values into the early 20th century, these have essentially very little data 67 
constraints south of 60°S prior to 1957, and therefore are often unreliable in this region.  68 
Evaluations of these products demonstrate that either the number of observations 69 
incorporated decreases dramatically in HadSLP2 [Allan and Ansell, 2006] or the 70 
ensemble variance [a measure of the reliability of the 20CR, Compo et al., 2011] 71 
becomes very large in the high southern latitudes in the period 1900-1950.  Both studies 72 
urge caution in interpreting these products near and over Antarctica during this time 73 
period, and as such the gridded climatologies do not provide much guidance in 74 
interpreting early 20th century Antarctic climate variations. 75 
 Additional sources of century-length Antarctic climate variability come from 76 
reconstructions of the Southern Annular Mode index from observations [Jones et al., 77 
2009; Visbeck, 2009], tree rings [Jones and Widmann, 2003, 2004; Villalba et al. 2012] 78 
and ice cores [Abram et al., 2014], which provide estimates on large-scale Southern 79 
Hemisphere atmospheric circulation variability back to at least the early 20th century.  80 
Although there are differences among these reconstructions, all indicate the uniqueness of 81 
positive SAM index trends during the latter half of the 20th century, compared to a 82 
relatively neutral SAM index / weak trends during the early part of the 20th century.  83 
Based on how the SAM index is defined, these positive trends suggest pressure decreases 84 
across Antarctica; however the reconstructions are unable to provide information 85 
including both the spatial and temporal variability of the pressure trends (prior to direct 86 
observations) at specific locations across Antarctica.  Climate models are used frequently 87 
to understand Antarctic variability across the 20th century [for example, Arblaster and 88 
Meehl, 2006; Ding et al., 2011; Fogt and Zbacnik, 2014; Fogt and Wovrosh, 2015; 89 
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Perlwitz et al., 2008; Turner et al., 2009; Wilson et al., 2014; Turner et al., 2015a], but 90 
again atmospheric, ocean, or sea ice conditions (depending on the scenario / simulation) 91 
cannot be precisely prescribed over the full century, and fully coupled models have been 92 
found to have notable differences from observations even in the latter part of the 20th and 93 
early 21st centuries [Hosking et al., 2013; Turner et al., 2013; Bracegirdle et al., 2014; 94 
Bracegirdle et al., 2016; Marshall and Bracegirdle, 2015; Turner et al., 2015b].  Climate 95 
information extracted from ice cores can also provide information on Antarctic climate 96 
variability.  Focusing on the 20th century, some of these studies have demonstrated 97 
significant warmth along the Antarctic Peninsula in the 1940s [Schneider and Steig, 98 
2008]; a decline of sea ice extent in the Bellingshausen Sea [Abram et al., 2010]; a 99 
doubling of snow accumulation across the western Antarctic Peninsula [Thomas et al., 100 
2008]; and time-varying relationships between the SAM and temperature along the 101 
Antarctic Peninsula [Marshall et al., 2011]. 102 
 Given the knowledge gaps that still exist and the large role of natural variability in 103 
the Antarctic climate system, the station-based seasonal pressure reconstructions 104 
presented in the companion paper [Fogt et al., 2016] provide a unique opportunity to 105 
understand atmospheric circulation variability across all of the Antarctic continent during 106 
the entire 20th century.  This is especially true since the summer (original) and winter 107 
(pseudo-proxy) reconstructions were found to be of high quality through the extensive 108 
evaluations performed in our companion paper [Fogt et al., 2016].  We first compare the 109 
reconstructions to other gridded pressure data, before examining historical pressure 110 
variability across Antarctica (including relationships with both ENSO and SAM), and 111 
conclude by examining Antarctic pressure trends during the 20th century. 112 
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2. Data and Methods 113 
 We make extensive use of the seasonal pressure reconstructions discussed and 114 
evaluated in Fogt et al. [2016].  These reconstructions were conducted at 18 stations 115 
across Antarctica; however, we only partly investigate the 20th century pressure 116 
variability using the Byrd reconstruction as this station tended to have a lower 117 
reconstruction skill due in part to its distance from midlatitude predictor stations, but also 118 
due to a data gap during most of the 1970s.  In all cases, we employ the best ‘full period’ 119 
reconstructions from the various methods tested in Fogt et al. [2016]; similarly we also 120 
use the best performing ‘pseudo-reconstructions’ (between the pseudoproxy data from 121 
20CR or HadSLP2).  The focus is primarily on the winter and summer seasons, as these 122 
are the seasons with the highest reconstruction skill.   123 
The location of the Antarctic stations investigated further is given here in Fig. 1.  124 
Because the pressure at many stations is strongly correlated in both the observations and 125 
reconstructions [cf. Fig. 7 of Fogt et al. 2016], in many cases regionally averaged 126 
seasonal pressures are investigated rather than individual stations.  The coloring in Fig. 1 127 
indicates these geographic regions of Antarctica: the western Antarctic Peninsula 128 
(Faraday, Rothera); the northern Antarctic Peninsula (Bellingshausen, Esperanza, 129 
O’Higgins / Marsh, Marambio); Dronning Maud Land (Halley, Novolazarevskaya, 130 
Syowa); coastal East Antarctica (Mawson, Davis, Mirny, Casey); the Ross Sea region 131 
(Dumont d’Urville, McMurdo / Scott Base); and the Antarctic Interior / Plateau 132 
(Amundsen-Scott, Vostok).  Averaging over these pairs of stations acts only to simplify 133 
the main patterns of Antarctic pressure variability over the 20th century and does not 134 
significantly alter the conclusions.  In most cases, it also strengthens the agreement 135 
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between the mean reconstructions and mean observations within the region compared to 136 
the individual reconstruction / observations pairs, therefore improving the accuracy of the 137 
reconstructions and as a result our understanding of historical Antarctic pressure 138 
variability and trends in the 20th century. 139 
 As discussed earlier, we use the reconstructions as a way to demonstrate the 140 
differences in other measures of historical Antarctic pressure variability by comparing 141 
them to the gridded products of HadSLP2, 20CR, and ERA-20C.  We employed 5°x5°, 142 
2°x2°, and 1.5°x1.5° latitude-longitude monthly sea level and surface pressure data from 143 
HadSLP2, 20CR, and ERA-20C, respectively (no surface pressure data are available for 144 
HadSLP2), and constructed seasonal means from these data.  All the gridded data extend 145 
through at least 2010, and over the interior of the Antarctic continent surface pressure 146 
was used for direct comparison to the reconstructions instead of sea level pressure since 147 
the reduction to sea level is unreliable on the high ice sheet. All seasons are defined based 148 
on the Southern Hemisphere: December-February (DJF) for summer, March – May for 149 
autumn (MAM), June – August (JJA) for winter, and September – November (SON) for 150 
spring. 151 
 152 
3.  Results 153 
3.1. Comparisons to gridded pressure data 154 
 Before investigating the 20th century seasonal pressure variability, we first 155 
conducted comparisons of the gridded pressure data to the reconstructions.  The gridded 156 
data were bilinearly interpolated to the latitude / longitude of the stations in Fig. 1, and 157 
the correlation, bias, and root mean squared error (RMSE) between HadSLP2, 20CR, and 158 
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ERA-20C were calculated by season.  Since we expect the quality of these gridded data 159 
to improve with the assimilation of the Antarctic pressure and other observations, most of 160 
which began near the International Geophysical Year (1957-1958), we calculate these 161 
statistics over two separate time periods: the ‘early’ period being 1905-1956, and the 162 
‘late’ period consisting of 1957-to the end of the gridded data or reconstruction, which 163 
varies between 2010-2013.  These statistics are displayed in Fig. 2, with the x-axis 164 
identifying the station, working east around Antarctica starting  at the Antarctic Peninsula 165 
station Rothera (Fig. 1).  In Fig. 2, we only investigate comparisons with the original 166 
reconstructions in order to avoid any circularity (i.e., using some of the products to 167 
evaluate themselves).  However, because the reconstructions are less reliable in MAM 168 
and SON, it is somewhat misleading to provide an evaluation of the various products’ 169 
skill in the transition seasons (since the reconstructions differ more from observations).  170 
Rather, in MAM and JJA Fig. 2 is more of an evaluation of how similar the variability is 171 
in the reconstructions and the gridded products throughout the 20th century. 172 
 In summer, when reconstruction skill is high across all of Antarctica, correlations 173 
during the later part of the 20th century are generally above 0.8 for all stations.  However, 174 
there is a marked decrease in the early 20th century, and only HadSLP2 produces 175 
correlations above 0.4 near the Antarctic Peninsula (stations 1-6).  All products have 176 
notably different early 20th century variability than the reconstructions across nearly all 177 
the coastal stations (from Halley east through Dumont d’Urville, stations 7-14); 178 
correlations with ERA-20C and the reconstructions are negative at all of these stations, 179 
suggesting a notably different pattern of variability in this reanalysis from the late to early 180 
20th century (compared to the reconstructions, which reproduce the observations well).  181 
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While all products have near-zero bias in summer (middle column of top row), ERA-20C 182 
again has a much higher positive bias than other products, on the order of 6-8 hPa higher.  183 
With the lower correlation and higher bias, the RMSE during the early 20th century in 184 
ERA-20C also stands out as an outlier.  Notably, HadSLP2, the coarsest data set, has 185 
much more consistent RMSE values in the early and later parts of the 20th century when 186 
compared to the reconstructions, which suggests this product provides a similar range of 187 
variability as the reconstructions, and is consistent with them throughout the entire 20th 188 
century. 189 
 Although the reconstruction performance is weaker in the non-summer seasons, 190 
the skill remains high across the Antarctic Peninsula in all seasons [Fogt et al., 2016].  191 
For these locations (stations 1-6 on the x-axis), there are again smaller changes in 192 
correlation, bias, and RMSE in HadSLP2 between the early and late portions of the 20th 193 
century compared to 20CR and ERA-20C; this is true in every season for the Antarctic 194 
Peninsula stations.  Broadly, for the other locations, there is a general pattern across all 195 
seasons that ERA-20C agrees the least with the reconstructions across all of the stations 196 
on the Antarctic coast, that 20CR has a much lower surface pressure at Vostok (station 197 
16), and that HadSLP2 has the least changes in all statistics between the early and late 198 
portions of the 20th century.  Further, it is also apparent that while the agreement between 199 
the reconstructions and these products is roughly consistent across all stations during the 200 
later part of the 20th century (when the observations better guide the gridded products), 201 
there is a marked decrease in the similarities between the reconstructions and these 202 
products in the earlier 20th century at all coastal Antarctic stations (i.e., ‘early’ 203 
correlations consistently drop across stations 6-14, and biases and RMSEs increase).  As 204 
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noted before, these changes suggest a marked difference in the variability of these 205 
gridded products compared to the reconstructions during the early 20th century.  Indeed, 206 
there is a notable change in the mean and variance in these gridded products with time 207 
that is not reflected in the reconstructions [Allan and Ansell, 2006; Compo et al., 2011].  208 
Altogether, Fig. 2 highlights that the HadSLP2 product most directly compares to the 209 
reconstructions at all locations, while the largest differences are from the most recent, and 210 
highest resolution ERA-20C pressures.  Although this may seem surprising, HadSLP2 is 211 
based on a principal component reconstruction technique to infill data over large spatial 212 
gaps [Allan and Ansell, 2006], and since this method is similar to the method employed 213 
in producing the reconstructions, the similarities may simply reflect a likeness in 214 
approach rather than implying that HadSLP2 provides the best estimate of 20th century 215 
Antarctic pressure variability.  The remainder of this study will focus solely on summer 216 
and winter pressure variability during the 20th century, due to the higher reconstruction 217 
skill in these seasons. 218 
 219 
3.2.  20th century sea level pressure variability 220 
   The time series of the interannual summer sea level pressures, regionally-221 
averaged following Fig. 1, are presented in Fig. 3 from observations (black lines) and the 222 
best original (red lines) and pseudoproxy-based reconstructions (blue lines).  As an 223 
estimate of the uncertainty in the reconstructions, the gray shading represents the 224 
maximum and minimum extent of the 95% confidence intervals from both the original 225 
and pseudo-reconstructions.  These confidence intervals were calculated as 1.96 times the 226 
standard deviation of the residuals between the regionally-averaged observations and 227 
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reconstructions from 1957-2013.  Also provided in Fig. 3 are the correlations between the 228 
regionally-averaged observations and original/pseudo reconstructions over the same time 229 
period; in DJF these are generally above 0.90 except for the Ross Sea region (Fig. 1).   230 
 There are many interesting observations when examining the Antarctic 20th 231 
century pressure variability in summer.  First, there is a strong consistency across all 232 
stations in terms of the variability throughout the entire century in both observations and 233 
reconstructions.  This reflects the overall weaker structure of the circumpolar jet, the 234 
continual input of solar radiation at these locations in summer, and the tendency for the 235 
SAM to have a zonally symmetric structure in summer [Fogt et al., 2012].   Second, there 236 
are many interesting sharp interannual changes in sea level pressure, particularly during 237 
the summers of 1911/12, 1925/26, and the transition from low pressure values in 1960/61 238 
to moderately high values in 1961/62 the following year.  Third, based on the minima of 239 
the historical 95% confidence intervals on the reconstructions, many of the observed low 240 
pressure values during the late 1990s and in the 2000s are either the absolute lowest, or 241 
among the lowest summer pressures seen since 1905 (especially away from the Antarctic 242 
Peninsula, Figs. 3c-e). Lastly, there are notable decreases in the pressure at all stations 243 
since ~1960, which will be discussed in more detail in section 3.5. 244 
 With doubling the length of the observations through the reconstructions, it is 245 
clear that summer pressure historically is more variable than the observations indicate 246 
since 1957.  While the change from the low-pressure values in summer 1960/61 to the 247 
high values in 1962/63 has been discussed in context of SAM index changes from high to 248 
low values, respectively, and thought to be due to the Agung eruption [Marshall, 2003], 249 
the sudden sea level pressure spikes across all of Antarctica in the summers of 1911/12 250 
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and 1925/26 are unique pressure changes that have no strong similarity during the period 251 
of observations.  We investigate the 1925/26 event here in more detail, as a separate 252 
study is ongoing for the 1911/12 summer since this was the time of the Amundsen and 253 
Scott expeditions to the South Pole [Solomon and Stearns, 1999]. 254 
 Figure 4 displays the 1925/26 sea level pressure anomalies (contoured, 255 
standardized anomalies from the 1981-2010 mean are shaded) from the gridded products 256 
of 20CR, ERA-20C, and HadSLP2, as well as the anomalies from observations in the 257 
midlatitudes and the original reconstructions in Antarctica.  While there are fairly large 258 
differences between the gridded products in terms of the magnitude and location of 259 
regional features, the overall spatial pattern is remarkably similar, reflecting high 260 
pressures over the entire Antarctic continent and lower pressures over much of the 261 
midlatitude Southern Hemisphere between 30°-60°S.  This pattern reflects a strongly 262 
negative SAM index state, and indeed historical reconstructions of the SAM index [Jones 263 
et al., 2009] based on both the ‘Fogt’ and ‘JW concat’ reconstructions are all strongly 264 
negative in DJF 1925/26 (-3.25 and -1.96, respectively).  Furthermore, the Southern 265 
Oscillation Index (a measure of ENSO activity) from the NOAA Climate Prediction 266 
Center (ftp://ftp.cpc.ncep.noaa.gov/wd52dg/data/indices/soi.his) was moderately negative 267 
(-2.07) during summer 1925/26, indicating El Niño conditions in the tropical Pacific.  268 
This is reflected also in the SLP contours in Fig. 4, with negative pressures in the central 269 
Pacific (including the station Tahiti), and positive pressure anomalies over Australia, 270 
reflecting the Southern Oscillation [Trenberth and Caron, 2004].  Regarding the spatial 271 
structure of the 1925/26 pressure anomaly field over Antarctica, the pressures are highest 272 
over the Antarctic Peninsula and West Antarctica, reflecting a weakening of the 273 
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Amundsen Sea Low, common during El Niño events [Turner, 2004; Karoly, 1989].  274 
Spatially, HadSLP2 has the most consistent representation of the pressure anomalies seen 275 
in the reconstructions, including the slightly weaker anomalies in portions of coastal East 276 
Antarctica (less than 6 hPa above the mean), and the local region of a high pressure 277 
anomaly in the Weddell Sea (Fig. 4c).  While the 20CR also has a region of higher 278 
pressure anomalies >8 hPa in the Weddell Sea, these extend too far eastward, as indicated 279 
by the pressure anomalies of 4-6 hPa at Novolazarevskaya and Syowa in the 280 
reconstructions.  Notably, ERA-20C produces substantially higher sea level pressure 281 
anomalies south of 60°S (>16 hPa) compared to 20CR or HadSLP2 (which typically 282 
range from 4-8 hPa over Antarctica).  These representations are consistent with the 283 
performance of the gridded products compared to the reconstructions discussed 284 
previously for Fig. 2.  Nonetheless, the reconstructions and even the gridded pressure 285 
datasets, all indicate that summer 1925/26 was a unique year with much higher than 286 
normal pressures across all of Antarctica. 287 
 Low-frequency pressure variations in summer over the 20th century are plotted in 288 
Fig. 5.  Here, the interannual pressure values from Fig. 3 have been smoothed with an 11-289 
yr Hamming filter.  In Fig. 5 the confidence intervals are based on the residuals from the 290 
smoothed reconstructions compared to the smoothed observations during 1957-2013 291 
(rather than also smoothing the confidence intervals in Fig. 3, which would generate a 292 
much larger confidence interval that doesn’t reflect the high ability of the reconstructions 293 
to capture the low-frequency observed variability, as indicated by the correlations in Fig. 294 
5).  While there appears to be larger differences between the two reconstructions, the y-295 
axis is on a different scale and throughout nearly all of the 20th century the absolute 296 
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difference is typically < 1 hPa.  Further, the correlations between the reconstructed and 297 
observed pressures are all above 0.90 (most are above 0.95).  Key features of the low-298 
frequency summer pressure variability are 1) a prolonged period of lower pressure during 299 
the period 1915-1920 across all of Antarctica, 2) very little decadal-scale variability 300 
across most of Antarctica during 1920-1955 (the smooth reconstructions change 301 
generally less than 2 hPa during this time), and 3) negative pressure trends with 302 
embedded more marked regional variability (especially along the Antarctic Peninsula) 303 
since ~1965.  In contrast to the low pressure values seen during the late 1990s and 304 
throughout the 2000s in many locations in Fig. 3, Fig. 5 highlights that the recent 305 
smoothed, low-frequency variations are not unique and are comparable to the variations 306 
during the early portion of the 20th century. 307 
 The interannual, regionally-averaged winter sea level pressures are shown in Fig. 308 
6.  There are many notable differences in the representation of winter 20th century 309 
Antarctic pressure variability compared to summer based on the reconstructions.  First, 310 
the interannual winter pressure variability from the Antarctic Peninsula is much less 311 
correlated to the rest of the Antarctic continent than it was in the summer (Figs. 3, 6). 312 
Second, in stark contrast, the interannual variability is much higher over the latter half of 313 
the 20th century, when observations are available, than in the early part of the 20th 314 
century; while the pressure continues to change several hPa from year to year (Fig. 6), 315 
there are no sudden spikes that were seen at least two times in the early 20th century in 316 
DJF (Fig. 3).  Third, there appears to be no persistent pressure trends as noted in summer. 317 
 The lack of consistency in the reconstructions across all areas in winter makes it 318 
challenging to focus on a single event for further study.  However, in 1938 the pressures 319 
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were among the lowest in the early 20th century across the Antarctic Peninsula (Figs. 6a-320 
b), and the original reconstructions at least show below-average pressure across the rest 321 
of Antarctica.  This year is examined further in Fig. 7 (as in Fig. 4), but with the pseudo-322 
reconstructions plotted over Antarctica since they have the highest correlations with 323 
observations (Fogt et al., 2016; Fig. 6).  Immediately apparent in Fig. 7 are the much 324 
larger differences between 20CR, ERA-20C and HadSLP2, especially south of 60°S.  325 
Only HadSLP2 captures the negative pressure anomalies (<-2 hPa) across the Antarctic 326 
Peninsula; 20CR only has them along the northern Peninsula where they are the weakest, 327 
while ERA-20C has positive anomalies everywhere across the Peninsula, including the 328 
station Orcadas, which is an actual observation and not a reconstruction in Fig. 7.  Based 329 
on the Fogt reconstruction, JJA 1938 was a positive SAM index year (2.688), which is 330 
consistent with most of the Antarctic stations showing negative pressure anomalies.  331 
Further, the SOI was moderately positive (1.37), indicating La Niña conditions, also 332 
consistent with the negative pressure anomalies along the Antarctic Peninsula [especially 333 
the western Peninsula, Clem and Fogt, 2013], and Byrd station in West Antarctica, 334 
associated with a deepening of the Amundsen Sea Low in La Niña events [Turner, 2004].  335 
Combined with the pseudo-reconstruction calibrations correlations >0.87 (Fig. 6), more 336 
confidence is therefore placed on the spatial pressure anomaly pattern over Antarctica by 337 
the reconstructions than the gridded products, which all show positive pressure anomalies 338 
in coastal East Antarctica and Dronning Maud Land.  Over the interior, pressure 339 
anomalies are near-zero in the reconstructions (except at Byrd in West Antarctica), and 340 
therefore ERA-20C may actually provide the best depiction in the Antarctic interior for 341 
this event (it is the only dataset to show negative anomalies in the South Pacific 342 
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associated with the La Niña event), with HadSLP2 providing the best representation 343 
along the Antarctic Peninsula.  Nonetheless, given these discrepancies, it is clear that the 344 
reconstructions provide crucial information in understanding the early 20th century 345 
pressure variations across Antarctica beyond that from current gridded datasets. 346 
 The low-frequency (smoothed) winter sea level pressures are shown in Fig. 8.  347 
There are larger differences between the two reconstructions in the early 20th century in 348 
part because of the lower skill in the original reconstructions, and differences approach 3 349 
hPa at times (particularly in the Ross Sea region, Fig. 8e); nonetheless, some general 350 
patterns of the low-frequency variability can be discussed. In particular for every region 351 
except Dronning Maud Land, the smoothed reconstructions and observations in the later 352 
part of the 20th century all have much more of a oscillatory behavior, highlighting that 353 
decadal-scale variability is more prevalent in winter pressures across Antarctica than in 354 
summer.  These oscillations are perhaps most marked near the Antarctic Peninsula and 355 
Ross Sea region, and may reflect historical decadal-scale ENSO variability as seen in 356 
previous studies [Fogt and Bromwich, 2006; Stammerjohn et al., 2008; Fogt et al., 2011].  357 
Changes in this type of variability will be examined in section 3.4. 358 
 359 
3.3.  Surface pressure variability on the Antarctic Plateau 360 
 Since the reduction to sea level pressure is unreliable on the high Antarctic 361 
Plateau / Interior, surface pressure was reconstructed for the interior stations.  However, 362 
the mean surface pressure varies considerably between Amundsen-Scott and Vostok, as 363 
the latter is about 650m higher in elevation.  To compare the historical pressure 364 
variability at these stations, the mean surface pressure during 1981-2010 was removed, 365 
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and the resulting anomaly time series for the two stations were averaged.  Fig. 9 displays 366 
the mean Antarctic Plateau surface pressure anomalies for summer and winter, along with 367 
the 11-yr smoothed low-frequency versions.  In general, the pseudo-reconstructions 368 
perform as well as the original in summer, but the pseudo-reconstructions have 369 
considerably higher skill in winter [Fogt et al., 2016].  Figure 9 demonstrates that while 370 
the interannual variability is consistently marked over the 20th century in summer (Fig. 371 
9a), the interannual variability is reduced considerably during the early parts of the 20th 372 
century in austral winter (Fig. 9c), as observed for other Antarctic regions in Fig. 6.  In 373 
summer, several above-average pressure anomalies occur during the early 20th century, in 374 
agreement with those at coastal stations, reflecting a negative SAM structure (Figs. 9a, 3, 375 
and 4).  From the low-frequency variability, most of the 20th century was marked with 376 
positive surface pressure anomalies across the Antarctic interior, highlighting the 377 
uniqueness of the recent negative values in the late 20th and early 21st centuries in 378 
summer (Figs. 9a-9b).  This is in contrast to austral winter, which despite the differences 379 
in the reconstructions, both indicate low-frequency (i.e., multi-decadal) fluctuations 380 
above and below the mean (Fig. 9d), with a period of reduced interannual variability 381 
during 1930 – 1960 (Fig. 9c).  Although the reconstructions at times differ on the sign of 382 
the anomalies in the winter (Figs. 9c-9d), the reduced variability is also seen in the winter 383 
observations (black line in Fig. 9c), although for shorter periods.  While the reduced year-384 
to-year variability in winter was discussed previously across coastal East Antarctica 385 
extending east to the Ross Sea Region (Figs. 4c-e), the changes from one winter to the 386 
next are even smaller across the Antarctic Plateau in the early to mid 20th century (Fig. 387 
9c).  This could be a reflection of the reduced reconstruction skill, or perhaps indicate 388 
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that the atmosphere in the high interior becomes strongly stably stratified in winter, and 389 
may more frequently reach the climatologically average value during conditions when 390 
radiative equilibrium is more consistently achieved. 391 
 392 
3.4.  ENSO and SAM Pressure relationships during the 20th century 393 
 To examine the role of various Southern Hemisphere modes of climate variability 394 
on the 20th century pressure variability at the stations in Fig. 1, 30-year running 395 
correlations between ENSO and SAM indices were investigated.  Running correlations 396 
are here defined as the correlation coefficient between a climate index calculated over a 397 
30-year period, with the window moving forward a year, and the correlation recalculated; 398 
the concatenated series of all correlation values produce a time series.  This is used to 399 
investigate changes in the roles of both ENSO and SAM throughout the 20th century, in 400 
particular because previous studies have noted varying temporal influences of each of the 401 
modes on aspects of the Antarctic climate [Stammerjohn et al., 2008; Clem and Fogt, 402 
2013; Marshall et al., 2011; Marshall and Bracegirdle, 2015].   For the SAM index, 403 
running correlations between the pressures at each station with the ‘Fogt’ and ‘JW 404 
concat’ reconstructions [Jones et al., 2009] were calculated individually and then 405 
averaged across the geographic regions in Fig. 1, and are displayed in Fig. 10 for austral 406 
summer (red lines) and winter (blue lines); dashed horizontal lines at r = ±0.37 represent 407 
the p<0.05 significance level, assuming independence of each seasonal mean.  Notably, 408 
throughout the entire 20th century, there are only a few locations at very specific 30-year 409 
intervals where the SAM index correlations are not significant at p<0.05.  These entirely 410 
occur in the non-summer seasons, when the reconstruction skill of both these SAM 411 
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indices [Jones et al., 2009] and the pressure at each station is slightly lower, especially 412 
during the early 20th century for the ‘JW concat’ reconstructions.  For the Antarctic 413 
Peninsula (Figs. 10a-b), the winter correlations with the SAM index reconstructions 414 
become insignificant after 1940.  This reduced relationship between the SAM and 415 
Antarctic Peninsula pressure reflects the seasonally-varying structure of the SAM [Fogt 416 
et al., 2012], which has its largest asymmetry in winter near the Antarctic Peninsula.  417 
During this season, pressure anomalies in response to SAM events (especially SAM 418 
negative events) are shifted away from the Antarctic Peninsula [cf. Figs. 2-4 of Fogt et 419 
al., 2012].  However, Figs. 10a-b suggest this relationship is not temporally persistent 420 
across the Antarctic Peninsula (where reconstruction skill is remains high in winter), with 421 
significant (p<0.05) negative SAM-pressure relationships across the Peninsula during the 422 
early 20th century.  This may further explain some non-stationary SAM relationships seen 423 
in ice cores [i.e., Marshall et al., 2011] or discrepancies between the Fogt reconstruction 424 
and SAM index reconstruction based on an ice core along the Antarctic Peninsula 425 
[Abram et al., 2014].  In winter, Figs. 10a-b suggest a changing SAM structure to more 426 
zonally symmetric / uniform across the Antarctic Peninsula in the early 20th century to 427 
one with a weaker SAM influence during the latter part of the 20th century.  Apart from 428 
this season and region, however, many of the SAM-pressure relationships are persistently 429 
significant (p<0.05) across the continent.   430 
 The story is quite different when examining the running correlations between the 431 
pressure reconstructions and the SOI.  Several studies have noted changes in the ENSO-432 
related climate influences that change through time [Fogt and Bromwich, 2006; 433 
Stammerjohn et al., 2008; Clem and Fogt, 2013], and based on the running correlations 434 
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between the SOI and the Antarctic pressure reconstructions (Fig. 11), these relationships 435 
continue to vary throughout the entire 20th century.  In most cases, the correlations are not 436 
statistically significant, and no significant relationship persists for more than a 45-year 437 
period (or about 15 years on the x-axis of Fig. 11 accounting for the fact that these labels 438 
reflect the starting year of the 30-year correlations).  Notably, recent significant negative 439 
correlations (i.e., lower pressure during La Niña years) across much of Antarctica during 440 
DJF weaken considerably before 1960, and in many cases reverse sign to weakly positive 441 
correlations. For winter, SOI correlations with pressure along the Antarctic Peninsula 442 
reflect those in summer, but the correlations between the two seasons are more opposite 443 
across the rest of the Antarctic continent.  The contrast is most marked across coastal East 444 
Antarctica, where since 1970 the SOI is negatively correlated with pressure in summer, 445 
but positively correlated in winter.  While the SOI correlations are generally much 446 
weaker in the earlier parts of the 20th century, the opposite correlations between winter 447 
and summer remain a consistent story (Fig. 2d).  The differences likely reflect seasonal 448 
differences in the structure of the ENSO teleconnection between winter and spring, as 449 
noted by Karoly [1989].  However, since part of the ENSO teleconnection appears related 450 
to the phase of the SAM, they could also represent the seasonally varying SAM structure 451 
as well [Fogt et al., 2011; Fogt et al., 2012; Wilson et al. 2014].   452 
  453 
3.5.  Pressure trends during the 20th century 454 
 During the investigation of the interannual pressure reconstructions, it was 455 
apparent that most locations display negative pressure trends during the last 50 years.  456 
We finalize our discussion by examining these trends in more detail, using 30-year 457 
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running trends for summer (Fig. 12) and winter (Fig. 13) for the reconstructions and 458 
observations.  In each case, similar to the running correlations, trends were calculated at 459 
each station individually, and averaged over the regions denoted in Fig. 1, rather than 460 
taking the trends of the average pressure series (both methods produce similar results, 461 
however, due to the very similar interannual pressure variability at each station within a 462 
region).  Here, the gray shading provides a measure of how well the reconstructions’ 463 
trends align with the observations, as they are based on 1.96 times the standard deviation 464 
of the residuals between the 30-yr overlapping observed and reconstructed trends during 465 
1957-2013.  As with the interannual time series, the shading is based on the largest range 466 
between the original and pseudo reconstructions in order to more carefully represent the 467 
uncertainty in the earlier pressure trends. 468 
 The running trends for summer clearly demonstrate that the (observed and to a 469 
lesser extent reconstruction) negative pressure trends since ~1960 are unique over the last 470 
100+ years across all of Antarctica, especially from Dronning Maud Land east toward the 471 
Ross Sea region (Fig. 1, Figs. 12c-e).  Using the most negative trend estimates of the 472 
historical trends from both reconstructions (i.e., the bottom of the gray shading), the 473 
observed recent negative trends for all locations across Antarctica were the most negative 474 
they have ever been since 1905, especially for 30-year trends starting from 1965-1975.  475 
These negative trends are clearly seen in the interannual and low-frequency time series 476 
(Figs. 3-4), and their uniqueness over the last century strongly suggests that external 477 
forcing factors, rather than natural or internal climate variability, are playing a role in 478 
these negative trends.  Previous work has highlighted in particular the role of ozone 479 
depletion on positive SAM index trends in austral summer, which would be consistent 480 
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with the negative pressure trends seen since after the ozone hole formed [~1980; Miller et 481 
al., 2006; Perlwitz et al., 2008; Fogt et al., 2009).  Future work includes examining 482 
several climate model simulations to understand the relative roles of natural variability 483 
and forced changes from both greenhouse gases and ozone depletion on Antarctic 484 
pressure changes over the entire 20th century, and investigating these changes in greater 485 
detail. 486 
 In winter (Fig. 13), the recent trends appear not to be unique since 1905; not only 487 
have trends of similar magnitude been observed previously, but the change in trend from 488 
weakly negative to weakly positive that has occurred at most locations in the 489 
observations and reconstructions characterized much of the Antarctic winter pressure 490 
changes from 1915-1935.  While there are differences in the magnitude of the pressure 491 
trends, both pseudo and original reconstructions generally show the trends becoming 492 
more positive over this time period, similar to the changes that have been occurring in the 493 
observations, except over the Antarctic interior.  Here (Fig. 13f), the reconstruction skill 494 
is lower, and although the pseudo-proxy reconstructions improve the skill, there are still 495 
large differences early in the record (notably due to the fact that much of the ‘pseudo’ 496 
data extracted from HadSLP2 and 20CR was set to zero since there were much larger 497 
uncertainties in much of the early winter values for these over the open ocean).  Despite 498 
this, the reconstructions suggest strong positive pressure trends during 1935-1965 from 499 
Dronning Maud Land east to the Ross Sea Region (Figs. 13c-e).  Since the gray shading 500 
(a measure of the 95% confidence for the actual historical trend) rises above zero during 501 
this time, there is p<0.05 chance the reconstructed trends were actually negative (note 502 
this is not a statistical test on the actual measure of the trend, rather just the sign of the 503 
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reconstructed trend based on reliability of both reconstructions in producing the observed 504 
trends).  In all of these locations in Figs. 13c-e, the positive reconstructed trends during 505 
1935-1965 are higher than any of the observed trends, and because they are not persistent 506 
(as the main forcing mechanisms such as greenhouse gas increases would be), the strong 507 
positive trends highlight the important role of natural variability in driving changing 508 
multi-decadal pressure trends across Antarctica in winter.  Indeed, the general depiction 509 
of pressure trends during the 20th century from Fig. 13 is a continual change from 510 
increasing trends (1910 – 1930), decreasing thereafter until 1965, and steadily increasing 511 
again, perhaps somewhat due to or at least connected with the changing nature of the SOI 512 
relationship (Fig. 11).  This is contrast to summer (Fig. 12), which shows persistent weak 513 
trends, with unique decreases in pressure across the entire continent over the last 50 514 
years. 515 
 516 
4. Discussion and Conclusions 517 
 Examining the reconstructed pressure over the 20th century details new 518 
information on the range and scope of natural and potentially forced variability in 519 
Antarctic pressure on longer timescales than before.  When compared to gridded pressure 520 
datasets that span the 20th century, the pressure reconstructions agree the best with 521 
HadSLP2, with generally the highest correlations, smallest biases, and lowest RMSEs.  522 
There are also less differences in the HadSLP2 statistics between pre- and post-1950 and 523 
the anomalies in certain important years align the best with the reconstructions; in 524 
contrast, ERA-20C seems to have the largest differences with our reconstructions.  Part 525 
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of this difference may be superficial however in the sense that both HadSLP2 and our 526 
reconstructions are based on similar statistical techniques.   527 
 Throughout the 20th century, summer pressures tend to be uniform across the 528 
continent, with a high degree of spatial correlation.  The earlier part of the 20th century 529 
was marked by several years of anomalous high pressure across the continent. In 530 
particular, the summer 1925/1926 showed large pressure anomalies generally > 6 hPa in 531 
the reconstructions across all of the continent, aligning with a strong positive SAM index 532 
from two SAM reconstructions [Jones et al., 2009], as well as a moderate El Niño year.  533 
During the second half of the 20th century, the most notable feature in Antarctic summer 534 
pressures is a steady decrease, beginning around 1960, and likely tied to stratospheric 535 
ozone depletion [Thompson and Solomon, 2002].  The reconstructions add to this story 536 
by demonstrating that the observed trends, particularly during 1970-1999, were the 537 
lowest trends at the majority of locations since 1905, falling below the 95% confidence of 538 
the best estimate for historic trends in the reconstructions. 539 
 While there are not unique and persistent trends in winter, the main story from 540 
this season over the entire 20th century is the role of natural variability.  Correlations with 541 
the SAM along the Antarctic Peninsula, and the SOI throughout all of Antarctica, change 542 
more dramatically in this season than they do in summer.  During the first half of the 20th 543 
century, interannual pressure variability was reduced compared to the second half, 544 
particularly over the Antarctic interior.  Additionally, pressure variability across the 545 
Antarctic Peninsula is much more independent / unrelated to pressure variability across 546 
the remainder of Antarctica, different to the more uniform structure seen in summer.  547 
Natural variability appears to play a dominant measure of historical winter Antarctic 548 
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pressure variability, with noted multi-decadal variations in mean pressure (clearly seen in 549 
low-frequency smoothed versions of the reconstructions) as well as in running trends 550 
time series. 551 
 As suggested in the discussion, ongoing and future work includes investigating 552 
various climate model simulations with isolated forcing mechanisms to understand the 553 
role each play in historical Antarctic pressure variations throughout the 20th century.  554 
Notably, these simulations will investigate the role of tropical sea surface temperature 555 
variability, and therefore help to shed light on the role of interannual and even multi-556 
decadal fluctuations in tropical SSTs, which have been shown recently to be an important 557 
player in ongoing Antarctic climate variability [Ding et al., 2011; Ding and Steig, 2013; 558 
Li et al., 2014; Clem and Fogt, 2015].  Additional work is planned for the construction of 559 
a continent-wide, seasonal gridded reconstruction, to provide more local details on 560 
historical pressure across the continent.  This spatial reconstruction will be guided in part 561 
by the reconstructions presented here and in our companion paper [Fogt et al., 2016], and 562 
hopefully will provide further information on understanding the ongoing changes across 563 
the Antarctic continent in a longer, more observationally-constrained context than before. 564 
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Figure captions. 712 
Figure 1.  Location of the 17 Antarctic stations where the seasonal reconstructions are 713 
investigated in this paper.  The coloring indicates geographic groupings where several 714 
stations are averaged together to investigate the historical pressure variability over a 715 
region.  See text for details. 716 
Figure 2.  The correlation, bias, and RMSE (columns) by season (rows) between the 717 
reconstructions and the bilinearly interpolated gridded pressure data from 20CR (black 718 
lines), ERA-20C (red lines), and HadSLP2 (blue lines).  The x-axis gives the station, 719 
working east around Antarctica from the Peninsula (Fig. 1).  ‘Early’ represents statistics 720 
calculated during 1905-1956, while ‘late’ represents statistics calculated during 1957-end 721 
of the data / reconstruction (varies between 2010-2013).  Surface pressure was employed 722 
for the bias / RMSE calculations at Vostok and Amundsen-Scott (stations 16 and 17, 723 
respectively), and therefore no calculations were performed for these statistics and 724 
locations using HadSLP2. 725 
Figure 3.  Time series of region-averaged sea level pressure for DJF, with the best 726 
original reconstructions plotted in red and the best pseudo-reconstruction plotted in blue.  727 
The regions are defined as in Fig. 1, with DML = Dronning Maud Land. Shading 728 
represents the maximum extent of the 95% confidence intervals around both the original 729 
and pseudo reconstructions, and the correlations in each panel are the correlations 730 
between the region-averaged reconstructions and observations. The year on the x-axis 731 
represents the year of the December (i.e., 1920 = December 1920 – February 1921).  732 
Figure 4.  Sea level pressure anomalies during DJF 1925/26 based on a) 20CR b) ERA-733 
20C and c) HadSLP2.  Shading in each panel represents the number of standard 734 
deviations the anomalies are from the 1981-2010 mean.  Also plotted are the anomalies 735 
for sea level pressure observations in the midlatitudes, and for the original 736 
reconstructions over Antarctica (with the size and color representing the magnitude of the 737 
anomaly as given by the label bar).  Note that Orcadas, northeast of the Antarctic 738 
Peninsula, is an observed anomaly, not a reconstruction.  Also, for the interior stations 739 
(Byrd, Vostok, and Amundsen-Scott), surface pressure anomalies are plotted. 740 
Figure 5.  As in Fig. 3, but after smoothing the interannual sea level pressure values with 741 
an 11-yr Hamming filter. 742 
Figure 6.  As in Fig. 3, but for JJA. 743 
Figure 7. As in Fig. 4, but for JJA 1938, with the pseudo-reconstruction anomalies 744 
plotted over Antarctica. 745 
Figure 8.  As in Fig. 5, but for JJA. 746 
Figure 9.  Reconstructed (original in red, pseudo in blue) averaged pressure anomalies 747 
for the Antarctic Interior stations of Amundsen-Scott and Vostok, along with the 748 
observations in black.  a) DJF anomalies b) 11-yr smoothed DJF anomalies c) JJA 749 
anomalies d) 11-yr smoothed JJA anomalies. 750 
 34 
Figure 10.  Antarctic regional mean 30-year running correlations of the pressure 751 
reconstructions with the Fogt (solid lines) and JW Concat (dashed lines) SAM index 752 
reconstructions [from Jones et al., 2009] for DJF (red lines) and JJA (blue lines).  Dashed 753 
horizontal black lines indicate 30-yr correlations significantly different than zero at 754 
p<0.05. 755 
Figure 11.  As in Fig. 10, but for Antarctic regional mean 30-year running correlations 756 
between the pressure reconstructions and the SOI. 757 
Figure 12.  DJF Antarctic regional mean 30-year running trends for observations (black 758 
lines) and original and pseudo reconstructions (red and blue, respectively).  The x-axis 759 
identifies the starting year of the 30-year trend.  The gray shading represents the 95% 760 
confidence interval for the best estimate of the 30-year pressure trends based on the 761 
goodness of fit between the observed and reconstructed pressures during the period of 762 
overlap. 763 
Figure 13.  As in Fig. 12, but for JJA.  764 
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Figure 1.  Location of the 17 Antarctic stations where the seasonal reconstructions are 765 
investigated in this paper.  The coloring indicates geographic groupings where several 766 
stations are averaged together to investigate the historical pressure variability over a 767 
region.  See text for details. 768 
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Figure 2.  The correlation, bias, and RMSE (columns) by season (rows) between the 770 
reconstructions and the bilinearly interpolated gridded pressure data from 20CR (black 771 
lines), ERA-20C (red lines), and HadSLP2 (blue lines).  The x-axis gives the station, 772 
working east around Antarctica from the Peninsula (Fig. 1).  ‘Early’ represents statistics 773 
calculated during 1905-1956, while ‘late’ represents statistics calculated during 1957-end 774 
of the data / reconstruction (varies between 2010-2013).  Surface pressure was employed 775 
for the bias / RMSE calculations at Vostok and Amundsen-Scott (stations 16 and 17, 776 
respectively), and therefore no calculations were performed for these statistics and 777 
locations using HadSLP2.  778 
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Figure 3.  Time series of region-averaged sea level pressure for DJF, with the best 779 
original reconstructions plotted in red and the best pseudo-reconstruction plotted in blue.  780 
The regions are defined as in Fig. 1, with DML = Dronning Maud Land. Shading 781 
represents the maximum extent of the 95% confidence intervals around both the original 782 
and pseudo reconstructions, and the correlations in each panel are the correlations 783 
between the region-averaged reconstructions and observations. The year on the x-axis 784 
represents the year of the December (i.e., 1920 = December 1920 – February 1921).  785 
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786 
Figure 4.  Sea level pressure anomalies during DJF 1925/26 based on a) 20CR b) ERA-787 
20C and c) HadSLP2.  Shading in each panel represents the number of standard 788 
deviations the anomalies are from the 1981-2010 mean.  Also plotted are the anomalies 789 
for sea level pressure observations in the midlatitudes, and for the original 790 
reconstructions over Antarctica (with the size and color representing the magnitude of the 791 
anomaly as given by the label bar).  Note that Orcadas, northeast of the Antarctic 792 
Peninsula, is an observed anomaly, not a reconstruction.  Also, for the interior stations 793 
(Byrd, Vostok, and Amundsen-Scott), surface pressure anomalies are plotted. 794 
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Figure 5.  As in Fig. 3, but after smoothing the interannual sea level pressure values with 796 
an 11-yr Hamming filter. 797 
 798 
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Figure 6.  As in Fig. 3, but for JJA. 801 
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803 
Figure 7. As in Fig. 4, but for JJA 1938, with the pseudo-reconstruction anomalies 804 
plotted over Antarctica. 805 
  806 
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Figure 8.  As in Fig. 5, but for JJA. 807 
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Figure 9.  Reconstructed (original in red, pseudo in blue) averaged pressure anomalies 809 
for the Antarctic Interior stations of Amundsen-Scott and Vostok, along with the 810 
observations in black.  a) DJF anomalies b) 11-yr smoothed DJF anomalies c) JJA 811 
anomalies d) 11-yr smoothed JJA anomalies. 812 
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Figure 10.  Antarctic regional mean 30-year running correlations of the pressure 814 
reconstructions with the Fogt (solid lines) and JW Concat (dashed lines) SAM index 815 
reconstructions [from Jones et al., 2009] for DJF (red lines) and JJA (blue lines).  Dashed 816 
horizontal black lines indicate 30-yr correlations significantly different than zero at 817 
p<0.05. 818 
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Figure 11.  As in Fig. 10, but for Antarctic regional mean 30-year running correlations 820 
between the pressure reconstructions and the SOI. 821 
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823 
Figure 12.  DJF Antarctic regional mean 30-year running trends for observations (black 824 
lines) and original and pseudo reconstructions (red and blue, respectively).  The x-axis 825 
identifies the starting year of the 30-year trend.  The gray shading represents the 95% 826 
confidence interval for the best estimate of the 30-year pressure trends based on the 827 
goodness of fit between the observed and reconstructed pressures during the period of 828 
overlap. 829 
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831 
Figure 13.  As in Fig. 12, but for JJA. 832 
